Atomic force microscope (AFM) based local anodic oxidation of metallic and semiconducting layers has emerged as a powerful tool for nanoscale fabrication. A unique nanoscale patterning technique has been created that couples computer aided design (CAD) with the lithographic capabilities of the AFM. Target nanostructures to be deposited on a silicon substrate are rendered as a three-dimensional model. Using AFM based local anodic oxidation on a silicon substrate, the features are duplicated at the nanoscale using voltage bias, probe speed, and humidity modulation, as prescribed by the model. The work presented herein highlights the advantages when three-dimensional modeling is linked with nanolithography; nanoscale features can be precisely replicated from a design plan.
Introduction and background
The creation of nanoscale structures and devices is of great interest to researchers worldwide. Scanning probe microscopes (SPM) have demonstrated potential in the creation and characterization of structures, patterns, and functional devices at the nanoscale. Probes used in SPMs can be employed to deliver or alter species on a substrate for nanoscale fabrication by using the probe tip as a nanometric pen [1] [2] [3] , as a reservoir and dispenser of small volumes [4] [5] [6] , for mechanical removal [7] [8] [9] , and for near-field microscopy [10] . These techniques have been integral in the study and manipulation of inorganic, organic, and biological species at the nanoscale, but demonstrate little control over the three-dimensional (3D) conformation of the resulting features. In addition to the above techniques, local anodic oxidation (LAO) can be used to create oxide patterns on surfaces at the nanoscale, and was first demonstrated using a scanning tunneling microscope (STM) [11] . Due to restrictions of the STM concerning current, voltage, tip-sample distance, substrate selection, and the need for ultra-high vacuum, the atomic force microscope (AFM) has become the instrument of choice for the creation of localized oxide patterns on metals and semiconductors at the nanoscale [12] [13] [14] [15] . AFM has been widely used in the prototyping of nanoelectronics for use as field effect transistors, quantum devices, and data storage elements [16] [17] [18] [19] [20] [21] . A number of reports have investigated the kinetics associated with AFM based LAO and the precise mechanism that controls that rate of oxide formation is being disseminated [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The information contained in the literature is such that, for a given tip, substrate, and AFM mode, the pertinent parameters affecting the resulting oxide pattern aspect ratio are the applied voltage, tip scan speed (dwell time), applied force, ambient humidity, and gaseous environment. This document serves to utilize those findings along with advancements that we have made concerning nanoscale control and design to create 3D nanostructures in a convenient and reproducible manner. As interest in AFM nanostructure design for the creation of functional devices increases, the necessity for tools and instrumentation to facilitate development becomes paramount. We have designed a closed-loop three-axis AFM system specifically tailored to conduct nanolithographic research [34] . A brief description of the control system involved is highlighted in figure 1 . The controller used for each position axis and for tip-substrate force control is of the proportionalplus-integral (PI) type:
With this system, 3D structures are visualized in a design environment and then automatically replicated at the nanoscale. This is accomplished by leveraging the macroscale milling machine language, G-code, to be used in conjunction with the nanolithographic capabilities of an AFM. G-code commands contain vector scanning information for the linear and circular motion of the AFM tip as well as height information in order to define the elements of the design model. Typically, commercial AFM systems use the discrete points of a two-dimensional (2D) bitmap or jpeg image to conduct nanolithography. The resulting patterns depend on the resolution of the input image as well as that of the lithography system. We offer an alternative that utilizes a CAD design environment and vector scanning algorithms to generate a toolpath for the AFM tip. Vector scanning algorithms provide for precise motion commands along linear and curved paths of defined radii. Additionally, the integration of 3D design capability, to our knowledge, is not available on commercial systems. In common lithographic design, voltage levels and tip scan speeds are prescribed by the user during lithography in order to realize changes in height. We are proposing a method in which the system prescribes appropriate bias voltages and tip velocities based on a combination of the desired feature height, as prescribed by the model, and the calibration information for the experimental setup. This allows for the design of 3D structures which are then automatically replicated at the nanoscale using voltage, speed, and relative humidity modulation to control the feature aspect ratio. The result is an instrument that is capable of functioning as a nanoscale stereo lithography machine. The desired features are created using CAD software, specifically Solidworks (Concord, MA, USA), and are saved as a common CAD/CAM file (standard tessellation file, .STL). A .STL file is a file that describes the surface geometry of the 3D model that is to be replicated, as is common in CAD associated with macroscale stereo lithography. The .STL file can be converted into Gcode coordinates using an interpreter program (MeshCAM, GRZ Software) along with settings such as the effective tip diameter and stepover. The tip diameter is represented by the oxide linewidth that is formed during experimental calibration, while the stepover is the lateral jump made for each pass of the tip. Typically, the tool diameter is taken as the feature full width at half maximum (FWHM) and the stepover is usually 50-75% of this value. The interpreter outputs a Gcode command list that contains the necessary information to generate motion commands for the AFM system in order to replicate the designed 3D pattern. The custom AFM system can now automatically reproduce the desired nanoscale 3D geometries using predetermined bias voltage and/or velocity modulation using this G-code command list. In the following section, the results of a variety of structures based on this process are highlighted and discussed.
Experimental details
For all experiments, the substrates that were used were cleaved from a 3 inch, n-type phosphorous-doped Si(110) wafer with a resistivity of 5-10 cm (Montco Silicon Technologies). The samples were cleaned in a solution of 70% H 2 SO 4 and 30% H 2 O 2 at 80
• C for 10 min to remove contamination. Three cantilevers were used in the experiments and are identified in each case. Three cantilevers were used in order to highlight the independence between cantilever type and automated replication capability. One is a triangular Si 3 N 4 cantilever with a nominal force constant of 0.58 N m −1 and 30 nm of evaporated Ti at 2Å s −1 (Veeco Metrology). Two kinds of Si levers were used. One lever is uncoated and made of ptype Si (0.01-0.25 cm) with a force constant of 50 N m −1 and the other is made of more resistive Si (1 cm), has a force constant of 2 N m −1 , and is coated with 10 nm of Ti followed by 20 nm of Pt (Veeco Metrology). The current through the tip-sample junction is recorded during lithography using an amplifier (6485 Picoammeter, Keithley Instruments). Monitoring current helps to verify the formation of oxide, as signatures in the 1-200 pA range indicate good oxide formation [35] . 
Results and discussion
As stated in the introduction, experimental parameters have a large effect on the resulting feature dimensions during LAO. Specifically, the voltage bias has a linear impact on the oxide height with all other parameters (speed, humidity, and force) held constant. Also, the relative humidity linearly affects the oxide linewidth as speed, voltage, and force are held constant. An example parametric plot is shown in figure 2 for a Ti-coated Si 3 N 4 cantilever. The uppermost graph shows a linear relationship between increasing humidity and increasing linewidth and was executed at 9 V bias, 0.5 μm s −1 , and 5 nN of force. The lower graph in figure 2 shows a linear relationship between increasing voltage and increasing line height and was run at 0.5 μm s −1 , 20% RH, and 5 nN. Above and below the data points show the root mean square (rms) variance bounds for the measurements. It should be noted that cantilevers can produce differing results, so it is necessary to run a calibration step to determine the characteristics for each tip/sample setup.
The parametric studies conducted in the previous section highlight how environmental and experimental parameters can be used to affect the formation of silicon oxide structures at the nanoscale. For a given substrate and tip combination, parametric results can be integrated with the 3D design capabilities of the CAD software interface to control the formation of complex architectures automatically. The first experimental run was an attempt to replicate a series of lines with varying heights ( figure 3(a) ). The tip used in this experiment was the uncoated Si lever. Two lines were written at 6 and 10 V bias, while maintaining a speed of 0.5 μm s −1 and 30% RH, and the resulting height was 0.73 and 2.28 nm, respectively. The relationship between voltage and height for the present parameters is now known. The oxide grating in figure 3(a) was then created, with the tallest feature being 2.25 nm and the two shortest at the ends being 0.75 nm. The CAD design was modified to be a negative representative image (holes), tranformed into G-code commands, and then sent into the nanolithographic platform as motion and lithography commands. The necessary conversion to holes is explained in a later section. The platform automatically adjusts the required voltage to achieve the prescribed height using the voltage versus height data. The parameters during lithography were 5 nN force setpoint, 30% RH, and 0.5 μm s −1 . The resulting pattern was imaged on a commercial AFM (Asylum MFP3D) in contact mode with a standard Si 3 N 4 tip at 5 nN force setpoint ( figure 3(b) ). The shaded scale bar represents 2.2 nm for height reference and the solid scale bar is 2.4 μm for lateral reference. Figure 3(c) is a line profile of the pattern that shows an average of 100 scanlines. The data contained for the three subfigures in figure 3 is outlined in table 1, which shows good agreement between the predicted and actual oxide patterns. Based on the data, the average deviation from the expected value is 0.1 ± 0.05 nm, which is at the noise level for the AFM systems. Since the system deposits material, the stereo lithography file (.STL) sent to the G-code interpreter contains a planar surface with holes instead of vertical features. The hole area corresponds to the cross-sectional feature area (in microns) and the hole depth corresponds to the feature height (in nanometres) to be deposited. The .STL file sent to the interpreter must be an inverse of the desired pattern due to the nature of the program as well as the deposition nature of the LAO process. The interpreter takes a .STL file and generates x, y, and z G-code toolpath information for the AFM tip in order to replicate the model exactly. The resulting desired feature dimensions, which directly affects the size of the tip to be used, impact the number of trajectories in order to finish the piece. For example, say a 1 μm × 1 μm × 2 nm feature (with the center located at x-y coordinates of (1.5 μm, 1.5 μm)) is to be created using a 100 nm oxide FWHM generating tip with 50 nm stepover. For a .STL file with vertical features and settings of these dimensions, the interpreter would create 18 passes in the ±x direction with 50 nm steps in the y direction after each pass, depositing oxide over the area defined by the coordinates (in microns):
[0. If the G-code from the interpreter was used as input for the nanolithographic platform, the resulting area of oxide deposition would cover 1.32 μm 2 (an extra 32%). If a hole with respect to the surface plane of the same area and depth directly proportional to the height was used as input into the interpreter with the same tool size and stepover, then the These coordinate inputs to the nanolithographic platform would result in oxide deposition over a 1 μm 2 area, exactly as desired.
The next experiment that was conducted investigated the generation of square 3D nanostructures. The cantilever used in this experiment is the Si 3 N 4 lever coated with Ti. Square structures were generated in the CAD environment to be replicated ( figure 4(a) ). In this experiment, the lithography settings were 0.1 μm s −1 velocity, 60% RH, and 5 nN force. A higher humidity (60%) was chosen, as the effective tip diameter would be increased (figure 2) and the stepover would be larger, requiring less time to complete. In addition, this highlights how the ambient humidity must be considered during 3D replication. In this case, the tip diameter is 150 nm and the stepover is 75 nm based on calibration data. The generation of the structures required about one minute to complete. Figure 4(b) is a contact AFM image created using the custom platform immediately after structure generation. A profile along the midline (at y = 2.5 μm in the x direction) is an average of 500 scanlines ( figure 4(c) ) and verifies the increase in structure height from 1.5 to 3.1 nm. Table 2 outlines the desired and measured results for the patterns formed in figure 4 . There is good agreement again between the predicted and desired heights, with a maximum deviation of 0.1 nm. The maximum area deviation is 14% for structure number 4. This error is due to the correlation between the oxide width and bias voltage; a larger bias voltage results in slight broadening of oxide features. The predicted heights for the table were calculated from the calibration step which occurred at 6 V (1.4 nm) and 9 V (3.0 nm), subject to the experimental parameters as outlined previously. This yielded the model height versus voltage curve for the experimental run. As mentioned previously, this calibration step is necessary before each experiment, as slight deviations in tip geometry and experimental setup can cause different parametric results. Furthermore, this experimental calibration step highlights the best possible tip diameter and stepover to use as inputs to the G-code interpreter based on the feature width profile. To verify further the three-dimensional positional control using this technique, an arbitrary 3D structure with imbedded height and position variations was designed in the CAD environment and replicated at the nanoscale (figure 5). This structure was created using a Pt-coated Si lever; the relative humidity was 30%, the speed was 0.1 μm s −1 , and the contact force was 5 nN. As can be seen in the figure, there is qualitative accuracy in the replication of the nanostructure.
Based on the results in figures 3-5, the cross-sectional area and height of 3D nanostructures designed in a CAD environment can be replicated using an AFM system. The question becomes: what are the resolution limitations using this method? For height, LAO has directly created structures in the range of 0.5-25 nm using various methods [36] . These limits could potentially be increased using various wet and dry etching techniques, as oxides created using LAO are suitable masks for certain nanomachining processes. The smallest lateral dimension that can be reproduced is directly related to the meniscus width during lithography and the positioning accuracy of the AFM system. Typically, AFM positioning system resolution is on the order of 0.1-2.0 nm in all directions, which is much smaller than the minimum feature widths attainable using LAO (typically on the order of 10-80 nm). If the meniscus diameter and resulting oxide linewidth is 100 nm, then 50 nm features cannot be faithfully reproduced. To exemplify further the capabilities of this method within our system and lever availability, a set of shapes-a triangle, a circle, and a star-were created that have critical lateral dimensions of about 500 nm. In this experimental run, the Ti-coated Si 3 N 4 levers were used and the calibration FWHM was measured to be 87.2 ± 8.5 nm and the height was 1.9 ± 0.3 nm, so the tip diameter was set at 90 nm and the tip stepover was 50 nm. This data was attained at a translational speed of 0.1 μm s −1 , 7 V bias, 30% RH, and 5 nN force setpoint. These experimental parameters and interpreter settings were then used in the generation of the structures in figure 6(a) .
The triangle has a planned base width of 550 nm and a base-to-apex distance of 476 nm, the circle has a planned diameter of 500 nm, and the star is inscribed in a circle of 510 nm radius. The resulting triangle is 2.0 ± 0.1 nm tall, 436 ± 78.7 nm wide at the base, and 380 ± 17.4 nm from base to apex. The triangle is about 100 nm smaller in both defining dimensions. This is a direct result of the inability of a 100 nm tip to define features smaller than its own diameter. The Gcode interpreter is unable to assign the proper coordinates to fill in the vertices of the triangle due to geometric constraints until it reaches a point in which the 100 nm tip can define the feature. This results in a loss of size reproduction ability but not shape (in this case, of 21 ± 16% of the expected value along the base and 20 ± 3.5% of the expected value from base to apex). The size dimension losses are both around 20%, as this accounts for the loss due to the diameter of the tip. The actual size loss can be predicted; 100 nm would be lost along the base and the distance to the apex, because the tip diameter and resulting oxide FWHM is approximately 20% of the desired dimensions (∼500 nm). The circle has a measured diameter in the x direction of 457 ± 28.4 nm and in the y direction of 483 ± 45.4 nm, which demonstrates good replication of the desired size, exhibiting 8.6% distance inaccuracy in the x direction and a 3.4% distance inaccuracy in the y-direction. The star has a measured height of 2.1 ± 0.5 nm and exhibits a similar loss in size reproduction to the triangle due to the same arguments concerning corner reproduction size loss. Size replication inaccuracies can be minimized through the use of smaller diameter probes such as carbon nanotube tips.
Conclusion
We have developed a process in which macroscale machining design techniques and fabrication are used to conduct local anodic oxidation on silicon using an AFM with automated control over the vertical dimension of the resulting structures. Using this technique, 3D structures are designed in a CAD environment and, based on the parametric relationship of the silicon oxide feature height and the relative humidity, voltage bias, and scan speed, the designed structures are automatically replicated at the nanoscale with differences between the predicted and actual feature heights on the order of the AFM sensing limits. The use of macroscale machining techniques enables the AFM to control the 3D architecture effectively. It would be interesting to see this technique integrated with multiple cantilever arrays [37] . This would allow for the 3D replication of structures covering a larger area in a parallel fashion with the addition of automated vertical oxide growth control. This technique is not applicable to only custom AFM instruments, as it could potentially be used in conjunction with commercial systems that have external inputs for positional control.
